Introduction
The diffusion coefficient is an important physical property for studying the solidification process and crystal growth. Among the various kinds of diffusion coefficients, interdiffusion coefficient in liquid metal is very important for understanding commercial alloys. However, there is insufficient reliable data to establish a thermodynamic theory of diffusion, because of significant sources of error, e.g. buoyancy-induced natural convections and diffusion during the heating and cooling processes. The effect of errors in measuring concentrations on diffusion coefficients is significant, especially in interdiffusion experiments because the error is sometimes on the same order as the concentration step of the diffusion pair.
On the other hand, interdiffusion in solid is well understood to be described by Darken (1)
Previous researchers have measured interdiffusion coefficients of various liquid metals and have offered a variety of thermodynamic theories. Niwa et al. measured interdiffusion coefficients in several liquid alloys and found that the diffusion coefficients in an ideal solution varied linearly with solute concentration, whereas that in a non-ideal solution varied convexly downward (or upward).
2) Klassen et al. measured interdiffusion coefficients in liquid Sn-Pb alloys and found that interdiffusion coefficient varies convexly downward as the molar fraction of Sn increased.
3) They suggested that the similarities in the atomic sizes and outer electronic structures of Sn and Pb lead to similar behavior in the diffusion coefficients as a function of concentration, as well as in the diffusion coefficients obtained by Darken's equation. However, the Klassen's results had two inflection points and were not based on experimental curve that took into account at all molar fractions. Thus, a more accurate discussion is needed.
Our objective was measuring diffusion coefficients in liquid more precisely, and discussing above dependence of interdiffusion coefficients on concentration. Recently, an accurate measurement method using the shear cell technique and stable density layering was proposed (Fig.1 ). This shear cell technique has been used in missions of the Russian satellite, Foton and is applicable to experiments on the ground, as well. 4) To precisely measure interdiffusion coefficient in liquids, we had to consider several error sources, e.g. errors in measuring the concentrations, the homogeneity of the initial concentrations of the specimens, and the fitting method of diffusion coefficients. We thus improved the method of measuring interdiffusion coefficient in liquid and measured interdiffusion coefficients of liquid Sn-Pb alloy. We adopted Sn-Pb alloys as the experimental specimens because the selfdiffusion coefficients D* of the elements (Sn-124 and Pb-204) 5) are available to use in Darken's equation. We verified the validity of Darken's equation for a liquid by comparing the calculated results with the experimental values. 
Experimental

Specimen preparation
We mixed pure Sn (99.999at%) and pure Pb (99.998at%) grains (Kojundo Chemical Laboratory Co. Ltd) to make specimens with compositions of Sn-10at%Pb and Pb-10at%Sn and inserted them into a long cylindrical graphite crucible (4.8mm in diameter and 50mm in length). We defined the middle point between the two molar fractions of Sn in each specimen as N Sn . In this study, we used a combination of pure Pb and Pb-10at%Sn for the experiment of N Sn =0.05, and a combination of pure Sn and Sn-10at%Pb for N Sn =0.95.
We set this crucible in a vacuum furnace so that the longitudinal direction of the specimen was vertical. Next, we melted these pure metals under vacuum and kept them at 1073K for 1200s. We then allowed the molten specimens to cool down and solidify.
Segregation usually occurs during solidification of Sn-Pb alloys owing to the difference in the density of the two phases. Since a Pb-rich phase has a higher density than a Sn-rich phase 6) , the Pb-rich phase tends to flow to the bottom during solidification. The Pb concentration in the bottom continues to increase because of the difference between the density of the primary crystal and that of the liquid phase.
For the reservoir specimens, we cut four cylinders with diameters of 4.8mm from the middle of the solidified specimens, and numbered these four specimens A through D from top to bottom [ Fig.2 (a) ]. We also drew specimens positioned at both ends of solidified specimen through a die until the diameter of these specimens was 1.4mm. The drawn specimens were cut so as to fit the capillary. We also numbered these specimens A through D from top to bottom [ Fig.2 (a) ].
Because we carried out four identical diffusion experiments simultaneously in this study, we prepared specimens and inserted them into their respective capillaries and reservoirs, as shown in Fig.2 (b) , in order to reduce the differences in the concentrations among the capillaries and reservoirs.
Since a shear cell unit has four capillaries numbered A to D, we matched capillary specimen A with reservoir specimen A, etc. We used specimens with diameter of 4.8 and 1.4mm for the reservoir and capillary, respectively.
We inserted these specimens into the shear cell unit, upside down [ (Fig.2 (b) ]. Side Q (orange line) in Fig.2 (a) corresponds to side Q in Fig.2 (b) .
We prepared the pure metal specimens without considering the reduction of concentration differences because of the homogeneity.
Since we intended to prevent the need for a step between the initial concentration of the capillary and the concentration of the intermediate cell, we inserted pure metal into the intermediate cell [ Fig.1 (a) ] in the specimen combinations of N Sn =0.05 and 0.95. Because the specimen in the intermediate cell cannot be homogenized together with the specimen in the capillary, the accuracy of the measurements should be improved by this method. 
Experimental procedure by using shear cell technique
The shear cell unit used in this study has an outer cylinder, an inner cylinder, and 20 graphite discs. Each disc is 3mm A thick and contains four capillaries 1.5mm in diameter. Two types of discs connect alternately. Capillaries with length of 60mm were formed by connecting these discs. Reservoirs were connected at both ends of the capillaries.
We used a diffusion pair with a semi-infinite length in this study. The diffusion temperature was 773K, the temperature at which Sn-Pb alloys of any composition are in a liquid state. To fit a theoretical diffusion formula for a diffusion pair with an infinite length to a concentration profile, we determined the diffusion time to be 12600s (3.5h), such that the concentrations of the alloying elements in the three cells from each end of the capillary would maintain an initial concentration within ±2%. This estimation was done with the diffusion coefficients estimated using Darken's equation. Figure 3 shows a schematic illustration of establishing the diffusion pairs with stable density layering. The specimen with the higher density was situated on the bottom of the vertically arranged one-dimensional diffusion pair. The solid specimens were set in the shear cell with an intermediate cell separated from the diffusion axis at room temperature [ Fig.1  (a) ]. Specimens with the same compositions as those in the capillaries were set in their respective reservoirs with elastically compressed graphite felt [ (Fig.2 (b) ]. Then the shear cell was set in a furnace so that the diffusion axis was vertical. The shear cell was heated up to 773K after evacuation of the furnace, and the specimens were homogenized for 3 h. After homogenization, a motor was rotated and the intermediate cell was inserted. This marked the beginning of diffusion [ Fig.1 (b) ]. After maintaining the temperature at 773K for 12600s [ Fig.1 (b) ], the capillary was separated into 20 cells [ Fig.1 (c) ] and cooled down [ Fig.1 (d) ]. We measured the mass of each specimen after the experiment to confirm that the capillaries were filled upon compression of the graphite felt. In this study, four identical parallel experiments were performed simultaneously for each condition using four capillaries in each shear cell unit. We dissolved the specimens in acid and analyzed them with ICP-OES. Whereas Sn cannot be dissolved completely by nitric acid, Pb cannot be dissolved by hydrochloric acid. We therefore dissolved Sn-rich specimens in aqua regia, and Pb-rich specimens in a mixed solution of nitric acid and tartaric acid. We used specimens from one capillary of both kinds of diffusion pairs only for the mass measurements but not for the concentration measurements. We reserved these specimens without dissolving them in acid for future investigation. Because the sum of the measured concentrations of Sn and Pb were not exactly 100at% due to the measurement errors, we normalized the concentrations by Eq. (2) so that the sum of these values is 100at%.
(2)
The concentration profiles were obtained by plotting the analyzed concentration of each specimen in the middle position of each cell. After determining the concentration profile, we obtained interdiffusion coefficient D. We first obtained the mean square displacement <x 2 meas > by fitting the theoretical diffusion formula given in Eq. (3) to the obtained normalized concentration profile. When fitting Eq. (3), we assumed that the initial interface position x 0 did not move from the initial position after diffusion and thus we defined that initial interface position x 0 as being constant. Next, diffusion coefficients were obtained by the compensation of the averaging effect and shear convection as per Eq. (4). Figure 4 shows the obtained mass profiles of specimens at N Sn =0.05. At this diffusion pair, the reservoir of pure Pb, which had the higher density, remained at the bottom of the capillary in the diffusion axis until the end of diffusion (Figs.  2 and 3) . Thus, under assumption that the mass of the specimens changes linearly as the composition changes and the measured mass of the specimens does not differ significantly from the others, we can conclude that each capillary was filled with the liquid metal from its respective reservoir. We checked that all capillaries were filled by considering the each thickness of each shear cell disc. Figure 5 shows the measured Pb concentration and normalized concentration profiles with the fitting function. We can recognize that the coefficient of determination r 2 of the normalized concentration profile was higher than that without normalization by comparing each value. Figure 6 shows the Pb-normalized concentration profiles of two parallel experiments at N Sn =0.05. This time, we present the results of only two capillaries. Each obtained profile agreed well with the fitting function. In addition, the standard deviation of the diffusion coefficients among the three normalized parallel experiments was 5.8%. This value was smaller than that without normalization (6.0%), and we confirmed that a standard deviation for normalized profile was better than that for the profile that was not normalized by the standardizing measured concentrations. Although the initial interface position x 0 is considered to be guaranteed mechanically to be constant, diffusion coefficient may change by the presence of variable x 0 . We therefore investigated whether the interface position moved from its initial position or not by fitting the theoretical diffusion formula [Eq. (3)]. When we fit that formula to the concentration profiles after diffusion with variable x 0 , we can estimate the interface position after diffusion. Figure 7 shows the comparison of fitting curves, interdiffusion coefficients D, coefficients of determination r 2 and interface positions between Pb-10at%Sn and Pb.
Results and Discussion
Confirmation of the filling up in capillaries
Concentration profile
According to the obtained results of fitting, the interface moved 1.7mm during diffusion in this capillary. The average interface position after diffusion of all capillaries was 26.0mm. However fitting with the variable x 0 makes the higher value of coefficient of determination r 2 and leads to other interdiffusion coefficients because of increase in the number of fitting parameters. This increase may not bring true value. Therefore, we checked the movement of the interface position by confirming the mass of the specimens. Figure 8 shows the filling up of a capillary from the reservoirs at N Sn =0.05. The composition of the capillary of each specimen was the same as its respective reservoir during the homogenization phase. After shearing, one reservoir remained on the diffusion axis and filled up the intermediate cell. At N Sn =0.05, the remaining reservoir was Pb, and it filled up the capillary from the bottom of the shear cell against gravity. However, the results of the specimen mass profiles were reasonable (Fig.4) . Therefore, because x 0 was confirmed mechanically using this method, we fitted the results with the invariable x 0 . And we considered that fitting method with invariable x 0 was reasonable. Comparison of fitting curves, interdiffusion coefficients, coefficients of determination, and interface position after diffusion. 
Suppression of the natural convection
We investigated the density distribution of the specimens just after diffusion in order to check whether stable density layering was realized. Figure 9 shows the approximately estimated density distributions of the specimens after diffusion experiments. The function for the density of Sn-Pb alloys obtained by the least-squares method based on Gasior's results 6) at 773K is described in Eq. (5).
(5) Fig. 9 . Approximately estimated density distributions of the specimens after the diffusion experiments.
We confirmed that stable density layering performed well and that natural convection was suppressed by checking the estimated density profile after diffusion. As Eq. (5) suggests, the density of the Sn-Pb alloy increased with increasing Pb concentration. According to Figure 4 , we supposed that the estimated density distributions shown in Figure 9 were valid. Yamada et al. 8) measured the impurity diffusion coefficients of Sn-In alloy by using a shear cell unit and stable density layering, the same method used in our study. Although the density difference between pure Sn and used Sn-In alloy was 0.01kg/m 3 , their data agreed with the data obtained in microgravity conditions and they were able to suppress natural convection even in the Sn-In alloys. Therefore, we considered that we suppressed the natural convection in our study because the density differences of our experiments were larger than those of the Sn-In alloys.
Verification of Darken's equation
We compared the obtained experimental interdiffusion coefficients with theoretical values obtained by Darken's equation [Eq. (1)], which consists of terms for self-diffusion coefficient D* of each element and the activity coefficient . We used reference data for the self diffusion coefficients of Sn and Pb 5) , and we calculated the activity coefficients two ways. We first calculated the activities of Sn-Pb alloys at 773K with Thermo-Calc TM . We then calculated the activities using theoretical values at other temperatures 9) and the following equations under the assumption that w/z is constant 10) . (6) (7) (8) Figure 10 shows the theoretical curves obtained by the two calculation methods and the experimental data obtained in this study. The experimental data agreed well with the theoretical values at N Sn =0.05 and 0.95. Darken's equation consisted of terms for self-diffusion coefficients D* of each element, molar fractions N and activity coefficients , without a term for the crystal lattice. Therefore, we supposed that this equation is also applicable to diffusion in liquids for both diffusion pairs investigated in this study. 
Conclusion
1)
We improved the method of measuring interdiffusion coefficient of liquid alloys by using the Foton shear cell and stable density layering by including the normalization of measured concentration, the reduction of segregation in the alloys and fitting with a theoretical diffusion formula.
2) We measured the interdiffusion coefficients of two diffusion pairs using the improved method. The experimental values agreed with the values obtained by Darken's equation consisting of only the self diffusion coefficient D* of each element, the molar fraction N and the activity coefficients . From these results, we suppose that Darken's equation is also applicable to the diffusion in liquids in both diffusion pairs measured in this study. group on "Diffusion Phenomena in Melts". We thank Kimura 
